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~ ~ “ Seagrass bed habitat is an important biotic community in decline worldwide. Boat damage has long been recognized
e for its negative impacts on shallow-water seagrass beds, with those along the Florida coast particularly vulnerable in

the face of a large human population possessing a large number of boats. Boat scars to seagrass beds recover slowly,
resulting in new damage that often outpaces recovery of existing damage. We examined the rate of accumulation of
total area composed of boat scars from 1994 to 2005 at Lignumvitae Key Submerged Land Managed Area, an area
containing approximately 3400 ha of seagrass beds. We found the total area of damage increased from 1994 to 1997
by an average of 27.1 ha/y and from 1997 to 2005 by an average of 10.8 ha/y. This most recent rate of damage increase
represents an additional $1,523,819 annual loss in habitat value using cost figures based on costs from restoration
attempts permitted by the Environmental Protection Agency. Severe groundings investigated by law enforcement
officers showed increasing trends over time in the average amount and severity of damage. The size of the boat
inflicting the damage was more closely related to the severity of damage than to the amount of damage. The most
immediate and practical measures for preventing damage include increasing signage to warn boaters to avoid seagrass
beds and increasing law enforcement staff. Signage is a relatively low-cost, long-term investment that becomes cost-
effective even if only 0.03 ha of seagrass bed damage is averted over the life of the signs. Each patrol staff member
added becomes cost-effective even if only 0.42 ha of damage is averted annually. Holding the total area of damage
constant for 1 year (new damage = recovery) would represent a benefit—cost ratio of 25.71 if accomplished with only
one additional law enforcement officer.

ADDITIONAL INDEX WORDS: Benefit—cost ratio, damage estimation, habitat valuation, habitat restoration, wetland.

INTRODUCTION

Coastal seagrass beds have been declining throughout the
world for a variety of reasons (SHORT and WYLLIE-ECHEVER-
RIA, 1996). For many years, propeller scars from boats have
been recognized for their significant negative impacts to sea-
grass beds (e.g, MATTHEWS, LAZAR, and HUNT, 1991; PHIL-
LIPS, 1960; WOODBURN et al., 1957; ZIEMAN, 1976). Shallow-
water seagrass beds less than 2 m deep, such as those com-
monly found around Florida’s coast, are especially susceptible
to boat damage (CREED and AMADO FI1LHO, 1999). Moreover,
seagrass beds in Florida are particularly likely to receive boat
damage because more than 8 million people live along the
Florida coast with over 750,000 registered vessels (BELL et
al., 2002). Furthermore, boat damage may interact synergis-
tically with other factors, such as water clarity, to produce
further declines (ORTH and MOORE, 1983; PREEN, LEE LONG,
and CoLES, 1995). Groundings create one or more injury
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types, including propeller scars, hull impressions, hull scars,
blowholes (formed when the vessel uses its engines in an at-
tempt to dislodge itself; KIRscH et al., 2005), and berms (SAR-
GENT et al., 1995). Depending on the extent of the damage
(including the amount of topographic alteration), an injured
seagrass bed may not recover on its own. Even so, natural
recovery without implementing restoration techniques is
slow, potentially taking more than 10 years (SARGENT et al.,
1995; Z1IEMAN, 1976), and it can take up to 60 years for the
seagrass bed to return to its climax Thalassia community
(FoNsEcaA et al., 2004).

Seagrass bed productivity ranks among the highest of any
natural biotic community (ZiEMAN and WETZEL, 1980). In
addition, seagrass beds have been recognized for the ecolog-
ical function they provide to coastal ecosystems, thus bearing
out the importance of habitat restoration (FONSEcA et al.,
2002). Furthermore, seagrass blades remove suspended sed-
iment from the water column (FoONSEcA, KENWORTHY, and
THAYER, 1998), promote good water quality (FONSECA,
KeENwWORTHY, and THAYER, 1998; KENWORTHY and
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SCHWARZSCHILD, 1995), produce oxygen (FONSEca, 1990;
FonsEca, KENWORTHY, and THAYER, 1998), and provide
food and shelter for numerous organisms (OGDEN and ZIE-
MAN, 1977). Seagrass beds release their production into es-
tuarine/marine communities through both detrital food webs
(FoNsEcA, 1990) and herbivorous food webs (OGDEN and ZiE-
MAN, 1977). Seagrasses stabilize marine sands and sedi-
ments, thereby allowing other floral and faunal components
to colonize these areas (FoNsEca, 1990; KENWORTHY and
SCHWARZSCHILD, 1995). Seagrass habitat also is a significant
ecological component for coral reef ecosystems offshore, with
negative impacts to this habitat adversely impacting the cor-
al reef habitat (OGDEN and ZIEMAN, 1977). Similarly, sea-
grass habitat is vital to the organisms that migrate among
the marine tidal swamp, the seagrass beds, and the coral reef
system on a seasonal or diurnal cycle (OGDEN and ZIEMAN,
1977).

Lignumvitae Key Submerged Land Managed Area
(LKSLMA) is an important conservation area for seagrass
bed habitat in Florida. Here, we analyze two sources of data
to examine the amount and value of boat damage to seagrass
bed habitat over time. We also consider the benefits and costs
of the feasible field methods for protecting this habitat most
probable for implementation.

METHODS
Study Area and Damage Measurements

LKSLMA encompasses the 4050 ha surrounding the is-
lands of Lignumvitae Key Botanical State Park, Shell Key
Preserve State Park, and Indian Key Historic State Park
(FLORIDA DEPARTMENT OF ENVIRONMENTAL PROTECTION
StaFF, 2000). This submerged land mostly comprises marine
grass bed habitat (~3400 ha) but also contains marine com-
posite substrate and marine consolidated substrate on the
shallow flats and marine unconsolidated substrate in the
channels (FLORIDA DEPARTMENT OF ENVIRONMENTAL PRroO-
TECTION STAFF, 2000; FLORIDA NATURAL AREAS INVENTORY
StarF, 1990). Although the seagrass beds are off-limits to
boating, groundings frequently occur.

Current methodology for measuring damage to seagrass
beds includes aerial photographic documentation and quan-
titative measurements of damage at the boat groundings in-
vestigated by law enforcement officers. Photographs showing
boat scars include both investigated and uninvestigated boat
groundings. Aerial photography of LKSLMA was carried out
in 1994, 1997, and 2005 through a grant from the Coastal
Zone Management Program. The combined area of damage
from all scars was measured from these aerial photographs
for each year to provide status and trend data on the accu-
mulation of boat scars.

Because seagrass beds are off-limits to boating, groundings
in seagrass beds merit a law enforcement response. When
possible, park ranger responses to grounded boats on
LKSLMA allowed the immediate location and measurement
of damage impacts at investigated grounding sites. The re-
sponding law enforcement officer recorded the global posi-
tioning system locations of grounding incidents and marked
sites with at least one polyvinyl chloride (PVC) stake at the

end of the damage (usually the stern of the grounded vessel).
The damage measured consisted of alteration to the substrate
and cutting of seagrass rhizomes by the vessel or the propel-
ler but not areas where only the seagrass blades were cut
above the surface of the substrate.

A measuring tape attached to the PVC stake was used to
measure the length of the propeller scar. Underwater pho-
tographs were taken of seagrass bed injuries associated with
the grounding event, including blowholes, propeller scars,
berms, and vessel impressions. If more than one injury type
was observed for a grounding incident, then each was mea-
sured separately. Width of the scar was measured at specified
increments, every 3 m, 6 m, or 15 m, depending upon the
total length of the scar. Scars up to 76 m had width measured
every 3 m. Scars between 76 m and 152 m had width mea-
sured every 6 m. Scars longer than 152 m had width mea-
sured every 15 m. Length, width, and depth were measured
separately for blowholes, berms, and vessel impressions and
were subtracted from the total length of the propeller scar so
that no duplicate measurements were recorded for the differ-
ent injuries. Damage of significant depth (=12 ¢m) was re-
corded to assess whether topographic restoration would be
necessary for seagrass restoration, because seagrass rhi-
zomes cannot grow vertically if the topographic difference is
greater than 20 cm (KENWORTHY et al., 2002). In such cases,
if topographic restoration is not implemented, the seagrass
injury will not recover and erosion may increase the injury
size. Floral and faunal species diversity and abundance were
surveyed in the surrounding seagrass flat to provide compa-
rable information on the species lost to the injury. Coral spe-
cies, including ivory tube coral (Oculina spp.), golfball coral
(Favia fragum), finger coral (Porites porites and P. furcata),
and rose coral (Manicina areolata) were recorded, but they
were not part of cost calculation guidelines, making economic
estimates of damage conservative. Average width was cal-
culated for the propeller scar and other injury types, if ap-
plicable, and a total injury area was calculated for each injury
type at each damage site.

Seagrass Habitat Valuations

Credible valuation of special habitats is not straightfor-
ward. Special habitats such as wetlands have limited market
value, and when selectively protected, the market value di-
minishes further (King, 1998). This is especially true for sea-
grass beds since they cannot be developed. Nevertheless,
multiple approaches can be applied for valuing seagrass hab-
itat. The use of contingent valuation surveys is a common
economic procedure, but for special habitats it tends to pro-
vide abstract appraisals of habitat value (KiNg, 1998) and
rarely forms the basis for environmental policy decisions
(Apamowicz, 2004). One defensible, logical, and applicable
valuation for damaged habitat is to use expenditure data for
permitted mitigation projects. Such data represent an empir-
ical demonstration of willingness-to-pay value and are most
generally available for wetland habitats. United States dollar
amounts per unit area spent in efforts to restore the various
wetland habitat types has been presented by Kina (1998).
The numbers represent the U.S. dollar amounts that envi-
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ronmental regulators, and to a degree elected governments,
have allowed permit applicants to spend in attempts to re-
place lost wetland services and values (King, 1998). Using
these figures, adjusted for inflation, leads to credible habitat
valuations (ENGEMAN et al., 2004a), and this usage has been
successfully applied to other special, protected habitats in
Florida (ENGEMAN et al., 2003, 2004, 2007). In particular, the
willingness-to-pay value for restoration of aquatic bed was
$111,111.11/ha (KiNG, 1998). The 2005 value for this cost es-
timate after adjusting for a 3% annual rate of inflation (KING,
1998; ZERBE and DIVELY, 1994) was $140,752.23/ha and was
applied to the damage area measurements from the aerial
photographs of the seagrass beds from 1994, 1997, and 2005.

Empirical damage valuation data were also available for
the subset of scars from investigated boat groundings. Pin-
pointing fresh damage geographically and temporally is only
practical when responding to a grounding incident. Most
groundings are not reported and consequently are not inves-
tigated because boaters are able to free themselves. Boaters
also are financially motivated to free themselves to avoid
costly towing expenses and fines for their damage to the sea-
grass bed (described later). Thus, investigated groundings
tend to be firmly lodged boats, which produce the most severe
scars to the seagrass beds. Damage calculations used by
LKSLMA biological staff are based on the valuations by
KRUER et al. (1996), and range from $71.47/m?2 to $161.46/m?2
depending on the level of topographic restoration. For dam-
age sites with minimal topographic alteration, the cost was
$71.47/m2. For damage sites that have topographic alteration
from 0.15 to 1 m, the median cost was $116.47/m2. The me-
dian cost from major injuries, such as blowholes, was
$161.46/m2. As with the costs derived from permitted expen-
diture, damage values used in the analyses of investigated
seagrass scars were adjusted into 2005 dollars using a 3%
annual rate of inflation. Data on investigated groundings
were tabulated temporally according to the Florida state gov-
ernment fiscal year (July 1-June 30). We calculated corre-
lations to examine trends over time for investigated ground-
ings in mean area of damage per such grounding, mean as-
sessed value of that damage, and mean boat size causing the
damage.

Benefit—Cost Analyses of Management Options

Monroe County, where LKSLMA is located, has been iden-
tified as a high-priority county for investing resources to pro-
tect seagrass beds (SARGENT et al., 1995). Based on unit costs
of damage, we conducted benefit—cost analyses (BCAs) for
field methods associated with identified damage prevention
approaches (SARGENT et al., 1995). First, the null option of
avoiding further expenditures beyond the present would be
to take no additional actions toward damage prevention than
the measures carried out now. Second, a method that has
been demonstrated to reduce damage to seagrass beds is to
increase the number of marker signs informing boaters that
entry to seagrass habitat is restricted (EHRINGER, 2000).
New signs cost approximately $192 per sign for materials and
labor to install, and 21-23 additional signs would be needed
to fully delineate the perimeter of off-limits areas, making it

Table 1. Amount and value in 2005 dollars of all existing scars to sea-
grass beds at Lignumvitae Key Submerged Land Managed Area, Florida,
in 1994, 1997, and 2005.

Average Annual Rate

Total Area of of Increase in Total Value of

Year Damage (ha) Damaged Area (haly) Existing Damage
1994 36.02 NA $5,069,895
1997 117.36 27.1 $16,518,682
2005 203.97 10.8 $28,709,232

nearly impossible for boaters to not see the boundary. The
additional signs represent a one-time cost of less than $4500
to purchase and install. Third, increasing law enforcement
presence by adding patrol staff would help prevent boats from
venturing into seagrass beds. The annual costs for a fulltime
patrol position currently are $59,400 for salaries, benefits,
and equipment.

We applied a benefit—cost model to estimate in monetary
terms the level of damage reduction at which each field meth-
od becomes cost-effective. The BCAs follow the framework
outlined in BOARDMAN et al. (1996), Loomis (1993), Loomis
and WaLsH (1997), Nas (1996), and ZERBE and DIVELY
(1994). Reduction of damaged seagrass habitat is seen as a
benefit. In other words, if a management action could reduce
the amount of seagrass habitat lost to boat damage, then the
benefit of that management effort is the monetary value of
that amount of habitat versus the costs of the effort. The
BCAs involved estimating the benefit—cost ratio (BCR) of the
monetary value of the benefits, measured as the value of dif-
ferent levels of reduction in area of seagrass beds suffering
boat damage versus the cost of the field methods used to
achieve the damage reduction. BCAs used the seagrass val-
uation figure based on restoration attempts permitted by the
Environmental Protection Agency (EPA) ($140,752/ha), be-
cause this represents an average valuation for seagrass bed
habitat.

RESULTS
Aerial Photography Damage Measures

The rate of accumulation of damage to the LKSLMA sea-
grass beds from 1994-2005 exceeded the rate of healing, pro-
ducing a steady increase in the total area damaged (Table 1).
The average annual rate of increase in damaged area was
27.1 additional hectares per year of damage from 1994 to
1997 and was 10.8 additional hectares per year from 1997 to
2005. The net amount of damage increased substantially dur-
ing each period. The total value of damage in 1994, grown to
present dollars (2005), was $5,069,895, which increased by
an average of $3,816,262/y until 1997, when damage was val-
ued at $16,518,682 (Table 1). The average increase in value
of accumulated existing damage per year was $1,523,819/y
from 1997 to 2005, when total damage was valued at
$28,709,232 (Table 1).

Investigated Groundings Damage Measures

The total amount of damage in LKSLMA from only the
investigated boat groundings for Florida state fiscal years
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Table 2. Average measures from boat groundings investigated by law enforcement officers at Lignumuitae Key Submerged Land Managed Area from 1998

to 2005.

Fiscal Year

Number of Groundings Total Area Damaged Mean Area Damaged

Mean Size Damaging

(July 1-June 30) Investigated (ha) (ha) Total Damage Value Mean Damage Value Vessel (m)
1998 4 0.0149 0.0037 $11,297 $2824 7.92
1999 14 0.1253 0.0089 $89,340 $6381 7.96
2000 13 0.0837 0.0064 $74,218 $5709 9.30
2001 12 0.1008 0.0086 $70,603 $5884 8.44
2002 21 0.2193 0.0104 $163,886 $7804 9.63
2003 19 0.2347 0.0124 $224,008 $11,790 9.33
2004 25 0.2830 0.0115 $164,881 $6595 8.47
2005 6 0.0518 0.0086 $49,818 $8303 10.79

1998 to 2005 (Table 2) was 1.05 ha, or 0.03% of the total 3400
ha of seagrass habitat within the protected submerged land.
The assessment amount from this seemingly small damage
area was $1,063,169.30 (adjusted to 2005 dollars). The sever-
ity of damage from investigated groundings is indicated by
comparison to estimates for the same area of damage using
the cost per hectare derived from the EPA-permitted miti-
gation data. This results in a value of $147,790, 13.9% of the
preceding assessment. Over the years of this study, the mean
amount of damage at investigated groundings, the value of
the associated damage, and the mean sizes of the boats caus-
ing the damage all showed increasing trends (» = 0.70, 0.68,
and 0.72, respectively). As would be expected, the mean
amount of damage was correlated with the mean value of the
damage (r = 0.83). The mean amount of damage did not re-
late particularly well to the mean size of boat causing damage
(r = 0.27), although the mean boat size showed a stronger
relation to mean value of damage (r = 0.57), indicating that
boat size relates to severity of damage better than to area of
damage.

Benefits and Costs for Field Methods to Mitigate
Damage

Prior to analyzing BCRs for in-field actions to reduce dam-
age, we first define damage reduction. For the last 8 years of
the study, the net area of damage increased by 10.8 ha/y on
average. Therefore, a rate of increase for net area of damage
less than 10.8 ha/y is viewed as a damage reduction equal to

Table 3. Benefit-cost ratios for the addition of law enforcement patrol staff
based on reductions in accrual of boat damage to seagrass beds, with sea-
grass habitat value derived from costs of EPA-permitted restoration efforts.
The row with boldface numbers indicates the damage reduction level at
which accumulation of damage area is zero.

Additional Patrol Staff

Damage Reduction

(ha) 1 2 3
1 2.38 1.19 0.79
2 4.76 2.38 1.59
3 7.14 3.57 2.38
4 9.52 4.76 3.18
5 11.91 5.95 3.97
10 23.81 11.91 7.94
10.8 25.71 12.86 8.57
15 35.72 17.86 1191
20 47.62 23.81 15.88

its difference from 10.8 ha for a given year. Additional signs
represent a long-term capital investment of less than $4500.
This amount is equivalent to the value of 0.03 ha of lost hab-
itat using the more conservative EPA mitigation valuation
figure. Thus, the breakeven point for cost-efficacy of the ad-
ditional signage requires them to produce only a cumulative
reduction in damage of 0.03 ha over the life of the signs (re-
duce the net increase in damage by 0.03 ha). One full-time
equivalent patrol staff position is annually equal to the value
of 0.42 ha of seagrass bed damage. At current damage rates,
each additional patrol staff achieves cost-efficacy for every
0.42 ha less than the 10.8 ha that net damage area increases
each year. If, for example, the addition of two patrol officers
holds accumulated damage constant for 1 year, then they
would have reduced damage accumulation by 10.8 ha, pro-
ducing an impressive BCR of 12.9 (Table 3).

DISCUSSION

From a broader perspective, our valuations and analyses
of boat damage to LKSLMA can be considered conservative.
Seagrass beds also provide an important economic function
in light of their role as a source of food and shelter for many
commercially and recreationally important species of fish,
shrimp, and lobster (FoNsEca, 1990; FoNsEcAa, KENWOR-
THY, and THAYER, 1998; NELsSON, 1992; ZIEMAN, 1982). A
less tangible measurement of their importance is their eco-
nomic value to offshore coral reefs in regards to recreational
visitation to those reefs for snorkeling, diving, and fishing.
Furthermore, the Florida Fish and Wildlife Conservation
Commission acknowledges the economic value of seagrass
habitat with relation to the fishing industry by conducting
surveys of fish catches and fishing activity every year. For
example, in 2002, seagrass communities in Monroe County
alone (where LKSLMA is located) supported an estimated
harvest of approximately $32.8 million for shrimp (Penaeus
spp.), stone crab (Menippe mercenaria), Florida spiny lobster
(Panulirus argus), yellowtail snapper (Ocyurus chrysurus),
gray snapper (Lutjanus griseus) and blue crab (Callinectes
sapidus) (FLORIDA FisH AND WILDLIFE CONSERVATION
COMMISSION STAFF, 2002).

The metrics for success in protection and conservation of
vulnerable habitats is measured by the improvement in eco-
logical variables. To effectively evaluate the returns on con-
servation efforts, the rewards from the expenditures must be
in the same metric as the expenditures. The ability to mon-
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etarily value the habitat resource provides an effectual tool
for evaluating conservation approaches. Funding is finite for
recovery and conservation of habitats and must be carefully
applied to maximize the positive impact on the protected re-
source. Analytical examination of the economics of manage-
ment actions for habitat enhancement can provide managers
with a logical working basis for selecting and implementing
cost-effective conservation methodologies.

The best near-future estimate, if no additional manage-
ment actions are taken to slow damage accumulation in
LKSLMA, would be for total damage to increase by about
10.8 ha/y. The economic interpretation of this damage rep-
resents a further annual loss of habitat valued at $1,523,819/
y. Given the benefit—cost performance of the damage preven-
tion measures, we have to ask ourselves, How can we not
afford to implement further protection measures to protect
seagrass beds from boat damage?
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